Highly efficient electrochemically driven water oxidation by graphene-supported mixed-valent Mn16-containing polyoxometalate  by Xing, Xiaolin et al.
Available online at www.sciencedirect.comScienceDirect
Green Energy & Environment 1 (2016) 138e143
www.keaipublishing.com/geeShort communication
Highly efficient electrochemically driven water oxidation by graphene-
supported mixed-valent Mn16-containing polyoxometalate
Xiaolin Xing a,b, Meng Wang a, Rongji Liu a, Shuangshuang Zhang a, Ke Zhang c, Bin Li c,**,
Guangjin Zhang a,*
a Key Laboratory of Green Process and Engineering, Institute of Process Engineering, Chinese Academy of Sciences, 100190, Beijing, China
b Jacobs University, Department of Life Sciences and Chemistry, P.O. Box 750 561, 28725, Bremen, Germany
c Zhengzhou Tobacco Research Institute of CNTC, 450001, Zhengzhou, China
Received 9 March 2016; revised 30 March 2016; accepted 1 April 2016
Available online 19 April 2016AbstractA highly efficient catalyst of graphene-supported mixed-valent Mn16-containing polyoxometalate is reported here by electrochemical
strategy. The modified electrode with the catalyst exhibits an excellent electrocatalytic performance for water oxidation, which will contribute to
the development of highly efficient catalysts for oxygen evolution.
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Water oxidation is considered to be the bottleneck of water
splitting in artificial photosynthesis, which received contin-
uous attention over a half century owing to its potential ap-
plications in renewable energy technologies [1e3]. Among the
various water oxidation catalysts (WOC), polyoxometalates
(POMs) are believed to be one of the active species with high
turnover frequencies. The most studied POM as WOC is the
tetraruthenium-containing POM, which has been tested in both
homogenous and heterogeneous electrochemically driven
water oxidation conditions [4,5]. However, the natural scarcity
of ruthenium has limited its further application in large scale.
Thus, the search for a robust, efficient, and inexpensive WOC
appears to be one of the main challenges. Among the various
WOCs, those based on manganese have received special* Corresponding author.
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Ltd. This is an open access article under the CC BY-NC-ND license (http://creativattention because they can function as models for the catalytic
Mn4CaO5 center in the oxygen evolving complex (OEC) of
photosystem II (PSII) [6,7]. The first mixed-valent manganese-
containing POM that has photocatalytic activity towards ox-
ygen evolution was reported by Kortz and Bonchio by using
[Ru(bpy)3]
3þ as sacrificial oxidant [8]. Compared with other
catalytic process, for example photocatalysis and thermal
catalysis, electrocatalytic water oxidation can provide much
larger TOF values, which is closer to real application. In
addition, no sacrificial agent is needed in the electrocatalytic
process. However, a Mn-containing POM modified electrode
with high efficiency and stable activity is still unprecedented.
On the other hand, due to its high stability, conductivity and
large surface area to volume ratio, graphene is believed to be
ideal support for various nanocatalysts which improved the
electrocatalytic activity significantly [9]. Furthermore, gra-
phene can strongly adsorb POM on its surface without
modifying the surface with cationic species. Such strong
interaction is also beneficial for electron transfer between the
POMs and the graphene, which is crucial for the electrical
activity [10]. Here, for the first time, we found that the. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
ecommons.org/licenses/by-nc-nd/4.0/).
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[MnIII10Mn
II
6O6(OH)6(PO4)4(A-a-SiW9O34)4]
28 (1) showed
significantly efficient water oxidation activity when immobi-
lized on a graphene electrode, with a turnover frequency
comparable to that reported for IrO2, one of the most active
and best known water oxidation catalysts, and also comparable
to noble metal Ru-containing POMs at same conditions.
2. Experimental section2.1. Reagents and characterizationThe polyanion salt Na19.5Cs8.5[{Mn
III
10Mn
II
6O6(OH)6(-
PO4)4}(A-a-SiW9O34)4]$90H2O (1a) was synthesized ac-
cording to the published procedure [11]. All reagents were
used as purchased without further purification. Ultrapure water
purified with a Milli-Q plus system (Millipore Co.) was
exclusively used in all aqueous solutions and rinsing pro-
cedures; and the resistivity was above 18.2 MU cm. XPS
measurements were performed under ultrahigh vacuum (UHV)
with a Kato, axis HS monochromatized Al Ka cathode source,
at 75e150 W, using a low energy electron gun for charge
neutralization.2.2. Preparation of the modified electrodeThe graphene modified glassy carbon, ITO (indium tin
oxide) and RRDE (rotating ring-disk electrodes) electrodes
were prepared as follows. In our preparation, prior to electrode
position, the 1.0 mg mL1 graphene oxide solution containing
0.05 M Na2HPO4 was evenly dispersed by ultrasonification to
form a colloidal dispersion. The cyclic voltammetric reduction
of the dispersed graphene oxide solution was then performed
under Ar bubbling with constant stirring on a CHI660E elec-
trochemical station (CHI instrument) with a three electrode
system, where bare glassy carbon (or ITO) was used as the
working electrode, the Pt wire and saturated calomel electrode
(SCE) were used as the counter electrode and reference
electrode, respectively. The scan potential of the working
electrode (glassy carbon, ITO and RRDE) was from 0 to 1.4 V
vs. SCE to reduce graphene oxide at a scan rate of 50 mV s1.
In order to obtain a uniformly deposited film and to enhance
the deposition rate, the graphene oxide solution was gently
magnetically stirred at a rotation rate of 1000 rad s1. Then the
graphene-modified electrode was soaked in water for 30 min
in order to remove the weakly bound graphene layers. In order
to immobilize 1 the freshly prepared graphene-modified
electrodes were soaked overnight in a 0.2 mM solution of 1.
Then the electrodes were rinsed with water and soaked in
water for 30 min to remove the loosely attached 1 on
graphene.2.3. ElectrochemistryFig. 1. Combined polyhedral/ball-and-stick representation of polyanion 1
(WO6 (aqua), PO4 (pink), SiO4 (blue), Mn
II (yellow), MnIII (brown), O (red)).All reagents and chemicals were of high-purity grade and
were used as purchased without further purification. The so-
lutions were thoroughly deoxygenated for at least 30 min withpure argon and kept under a positive pressure of this gas
during the experiments in order to achieve complete removal
of O2. The prepared 1@graphene electrode was used as the
working electrode. The electrochemical set-up consists of a
CHI workstation and a PC with the CHI660 software. Poten-
tials are quoted against a saturated calomel electrode (SCE), in
a compartment separated from the test solution by a fine
porosity glass frit. The counter electrode was a platinum plate
with large surface area in a compartment separated from the
test solution by a medium porosity glass frit. All experiments
were performed at room temperature. For RRDE, the same
reference and counter electrodes were employed in the
voltammetry.
3. Results and discussion
As shown in Fig. 1, the structure of polyanion 1 comprises
a central {Mn4O4} cubane with all manganese centres in the
2þ oxidation state, capped by four tri-manganese-substituted
{Mn3(SiW9)} Keggin units, where 10 out of 12 manganese
ions have a 3þ oxidation state, with the two Mn2þ ions being
located in two different Keggin units and are related to each
other by a mirror plane. The overall assembly is connected to
each other in a tetrahedral fashion by four phosphate {PO4}
linkers [11].
Fig. 2 shows the typical SEM image of the prepared
1@graphene electrode. The graphene film can be clearly
observed by a silk-like structure. In addition, the composition
of the film was confirmed by in situ energy dispersive X-ray
(EDX) analysis. Fig. 2b clearly shows strong peaks of C, W
and Mn revealing that 1 is adsorbed on the surface of graphene
with a homogeneous distribution.
XPS analysis was used to further characterize the 1@gra-
phene electrode. Fig. 3 shows the C 1s XPS spectra of original
GO and 1@graphene. Four types of carbon with different
chemical states can be easily observed for GO (Fig. 3a), which
appear at 284.8 eV for graphite-like C, 286.8 eV for CeO,
287.8 eV for C¼O and 289.0 eV for OeC¼O, respectively.
On the other hand, after electro-deposition of 1 on ITO or GC,
the amount of CeO groups decreased from initially 51.2%e
20.4%, indicating that the oxygen-containing groups on GO
Fig. 2. Typical SEM (a) and EDX analysis (b) of 1@graphene electrode.
140 X. Xing et al. / Green Energy & Environment 1 (2016) 138e143were effectively reduced after electro-deposition of the poly-
anion. Meanwhile, the amount of the CeC/C¼C groups
increased from 48.9% to 79.6%, indicating that sp3/sp2-hy-
bridized carbon structures were formed significantly. Both
XPS signals from Mn and W could be detected. From Fig. 3c,
it can be observed that two valence states were found for Mn,
i.e. MnIII (2p3/2 and 2p1/2, respectively at 642.7 eV and
654.8 eV) and MnII (2p3/2 and 2p1/2, respectively at 641.3 eV12000
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Fig. 3. C 1s XPS spectra of GO (a) and 1@graphene (b); XPS speand 653.8 eV). The atomic ratio of MnII/MnIII is about 0.58,
which is in agreement with the stoichiometric formula of 1.
Fig. 3d shows the XPS spectrum of W, confirming that W is in
its highest oxidation state on the electrode. In addition, some
other elements in 1, such as Si and P could also be detected on
the 1@graphene electrode. These results unambiguously
demonstrate that 1 was strongly adsorbed on the graphene
electrode.(b)10000
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141X. Xing et al. / Green Energy & Environment 1 (2016) 138e143Fig. 4a shows the typical cyclic voltammogram (CV) of
1@graphene electrode in phosphate buffer at pH 7.5 in the
presence of 1 M NaNO3 as supporting electrolyte. The char-
acteristic MnIII/MnIV redox waves are clearly observed. On the
other hand, no well-defined wave associated with a redox
process of the W centers was observed. This is probably due to
the fact that the polyanion 1 was immobilized on the electrode
at neutral pH, as the reduction of the polyoxotungstate
framework is facilitated by the presence of protons [3]. The
surface concentration G of electroactive 1 on the modified
electrode can thus be calculated by Faraday's law using the
first oxidation wave of Mn. The thus obtained G valuewas
2.63  1010 mol/cm2, which is larger than that calculated for
a full monolayer coverage by 1 (G ¼ 4.153  1011 mol/cm2),
as estimated based on a polyanion diameter of ~2 nm, indi-
cating that 1 follows multilayer adsorption on the porous
graphene electrode.
In addition, when the potential was driven to more positive
values than 1000 mV a large irreversible oxidation wave was
appeared (Fig. 4b). When the potential was scanned between
þ300 mV and 1400 mV at 50 mV s1, we observed that gas
bubbles were formed rapidly on the surface of the electrode. In
contrast to the bare graphene electrode, the oxidation current
in this potential region was much smaller, which proved that
the large catalytic water oxidation currents resulted from the
presence of 1. The onset of the catalytic current (0.95 V vs
SCE) occurred at ~0.4 V beyond the thermodynamic potential
for water oxidation at pH 7.5 (0.55 V vs SCE), which is
amongst the best for various reported WOC. It should be noted
that a slow current decrease was found upon repetitive po-
tential cycling with 1@graphene electrode. As shown in
Fig. 4b, after a small decrease of the current in the second
cycle, the current kept constant during further cycles, indi-
cating that a stable catalyst was present during the measure-
ment timescale under catalytic turnover conditions. The small-1.0 -0.5 0.0 0.5 1.0
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Fig. 4. (a) CVof 1@graphene electrode in 0.1 M sodium phosphate buffer, pH 7.5 w
Electrocatalytic water oxidation using 1@graphene electrode in 0.1 M phosphate b
50 mV s1. The black curve represents the CV of the blank electrode of modified
represent the CV of 1@graphene electrode.current decrease between the first and second scans could be
eliminated when the electrode was left in the electrolyte so-
lution for about 10 min before the next run.
In order to assess the ability of 1 for water oxidation, the
turnover frequency (TOF) of 1@graphene was tested by using
rotating ring-disk voltammetry. In the experiment, a rotating
ring-disk electrode (RRDE) [12], which contains a glassy
carbon disk and a Pt collection ring for O2 detection, was used.
The glassy carbon disk was modified by a film of 1@graphene.
During the RRDE measurements, the scan potential of the disk
electrode was from þ0.3 V to þ1.4 V at a rate of 50 mV s1 .
A constant potential of 0.35 V vs SCE was applied to the
ring electrode. This potential was sufficient to reduce oxygen
under mass transport controlled conditions after it was
generated at the modified graphene electrode and then trans-
ferred to the ring.
The electrode reactions are as follows:
Reaction on glassy carbon disk electrode:
2H2O/ O2 þ 4Hþ þ 4e
Reaction on the Pt collection ring electrode:
O2 þ 2H2O þ 4e/ 4OH
As shown in Fig. 5a, with 1@graphene electrode, when the
potential is more positive than 1 V vs SCE, the sharp increase
of current indicates the evolution of O2 at a rotation rate of
1000 rpm. The ring current also increases with the increasing
of the potential, which means more oxygen produced at disk
electrode. In contrast, the results obtained in the control ex-
periments with the bare graphene modified electrode shows no
obvious current related to generation and detection of O2,
which confirming that the 1 plays the key role in catalysis of
oxygen generation. When the rotation rate of RRDE was
varied from 200 to 1600 rpm, the voltammetric responses at
both the disk and the ring showed little dependence on the
rotation rate, indicating that the catalytic water oxidation re-
action is kinetically limited. As a consequence, the turnover-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-100
0
100
200
300
400
500
600
I(
m
A)
E (V vs. SCE)
(b)
ith 1 M NaNO3 as additional supporting electrolyte. Scan rate 100 mV s
1. (b)
uffer, pH 7.5 with 1 M NaNO3 as additional supporting electrolyte. Scan rate
graphene, whereas the red curve (first run) and the orange curve (second run)
0.2 0.4 0.6 0.8 1.0 1.2 1.4
-100
0
100
200
300
400
500
600
700
E (mV vs. SCE)
(a) Disk current of bare graphene electrode
Ring current of bare graphene electrode
Disk current of 1@graphene electrode
Ring current of 1@graphene electrode
C
ur
re
nt
(m
A)
1 10
0.6
0.8
1.0
1.2
1.4
TOF (s-1)
E
(V
)
(b)
Fig. 5. (a) Linear sweep voltammetry (LSV) of 1@graphene modified RRDE in PH 7.5 phosphate buffer containing 1 M NaNO3 with a rotation rate of 1000 r/m.
The scan potential was from 0.3 V to 1.4 Vat 50 mV/s on the disk electrode (blue line) and a constant potential of 0.35 V was applied to the ring electrode (green
line). The bare graphene electrode was used as a reference under the same conditions with the black line showing the current on the disk electrode and the red line
that of the ring electrode; (b) Tafel plot derived from data in (a).
142 X. Xing et al. / Green Energy & Environment 1 (2016) 138e143frequency (TOF) of the catalyst, defined as the mole of O2
production per mol of POM per second, can be calculated
from the oxygen reduction current at the ring electrode, IR, by
using equation (1),
TOF¼IR=ðnFANclGÞ ð1Þ
Where n is the number of electrons transferred per oxygen
molecule at the ring electrode, F is Faraday's constant, A is the
area of the disk electrode, G is the surface concentration of the
catalyst, and NCL is the collection efficiency [4a,12].
Finally, the TOF values calculated from equation (1) at
different overpotentials are summarized in Table 1. The
literature values of other reported efficient OER catalyst are
also listed for comparison [4a,13]. It can be observed that the
1@graphene electrode showed comparable activities to that of
reported graphene supported Ru-containing POMs as well as
that of most active and best known water oxidation catalysts,
IrO2 [13e15]. It should be noted that Mn is much cheaper
element than those reported Ru and Ir, indicating the present
system is more interesting for real industrial application. Our
results suggest that the presence of 1 on the graphene has a
positive effect on the activity for oxygen evolution.Table 1
Comparison of electrocatalytic water oxidation with different catalysts.
Catalyst pH Overpotentiala
(V)
TOF
(s1)
Method Reference
1@graphene 7.5 0.35 1.1 RRDE This work
Ru4Si2W20@graphene
b 7.5 0.35 0.82 RRDE [4a]
IrOx film 7.0 0.69 6.0 RRDE [13]
1@graphene 7.5 0.69 4.0 RRDE This work
1@graphene 7.5 0.81 6.7 RRDE This work
Ru4Si2W20@graphene
b 7.5 0.81 8.0 RRDE [4a]
a Calculated by the following equation, E0pH ¼ E0 e 0.059 pH (E0 ¼ 1.23 V
vs SHE or 0.99 V vs SCE).
b Ru4Si2W20 is [{Ru4O4(OH)2(H2O)4}(g-SiW10O36)2]
10The Tafel plot derived from the currentepotential curve at
ring electrode is shown in Fig. 5b, which provides more in-
formation of the reaction mechanism. The curve shows the
characteristic of non-linearity, indicating a complex reaction
mechanism, which could be attributed to the different catalytic
pathway in different potential regions.
4. Conclusions
In summary, we have reported on the electrocatalytic ac-
tivity of graphene-supported mixed-valent Mn16-containing
polyanion 1, which exhibits excellent catalytic activity and
stability towards the water oxidation reaction at neutral pH.
The activity of the non-noble metal-containing catalyst 1 is
comparable to that of a graphene-supported Ru4-containing
POM as well as that of the most active water oxidation catalyst
IrO2. Hence 1@graphene is a competitive material for highly
efficient electrocatalytic oxygen evolution.
Conflict of interest
There is no conflict of interest.
Acknowledgments
This work was supported by the National Natural Science
Foundation of China (No. 21371173, 51402298, 91545125)
and R.L. acknowledges the China Postdoctoral Foundation
(No. 2014M550846). We thank Prof. Ulrich Kortz and Dr. Ali
Haider for their help in synthesis of polyoxometaltes.
References
[1] M.W. Kanan, D.G. Nocera, Science 321 (2008) 1072.
[2] D. Gust, T.A. Moore, A.L. Moore, Acc. Chem. Res. 42 (2009) 1890.
[3] T.R. Cook, D.K. Dogutan, S.Y. Reece, Y. Surendranath, T.S. Teets,
D.G. Nocera, Chem. Rev. 110 (2010) 6474.
143X. Xing et al. / Green Energy & Environment 1 (2016) 138e143[4] (a) S.X. Guo, Y.P. Liu, C.Y. Lee, A.M. Bond, J. Zhang, Y.V. Geletii,
C.L. Hill, Energy Environ. Sci. 6 (2013) 2654;
(b) Y.V. Geletii, B. Botar, P. K€ogerler, D.A. Hillesheim, D.G. Musaev,
C.L. Hill, Angew. Chem. Int. Ed. 120 (2008) 3960.
[5] (a) A. Sartorel, M. Bonchio, S. Campagna, F. Scandola, Chem. Soc. Rev.
42 (2013) 2262;
(b) A. Sartorel, M. Carraro, G. Scorrano, R.D. Zorzi, S. Geremia,
N.D. McDaniel, S. Bernhard, M. Bonchio, J. Am. Chem. Soc. 130 (2008)
5006.
[6] Y. Umena, K. Kawakami, J.R. Shen, N. Kamiya, Nature 473 (2011) 55.
[7] P.E.M. Siegbahn, Acc. Chem. Res. 42 (2009) 1871.
[8] R. Al-Oweini, A. Sartorel, B.S. Bassil, M. Natali, S. Berardi, F. Scandola,
U. Kortz, M. Bonchio, Angew. Chem. Int. Ed. 53 (2015) 11182.
[9] Y.Y. Liang, Y.G. Li, H.L. Wang, J.G. Zhou, J. Wang, T. Regier, H.J. Dai,
Nat. Mater. 10 (2011) 780.[10] (a) R. Liu, G. Zhang, H. Cao, S. Zhang, Y. Xie, A. Haider, U. Kortz,
B. Chen, N.S. Dalal, Y. Zhao, L. Zhi, C. Wu, L. Yan, Z. Su, B. Keita,
Energy Environ. Sci. 9 (2016) 1012;
(b) R. Liu, X. Yu, G. Zhang, S. Zhang, H. Cao, A. Dolbecq, P. Mialane,
B. Keita, L. Zhi, J. Mater. Chem. A 1 (2013) 11961.
[11] A. Haider, M. Ibrahim, B.S. Bassil, A.M. Carey, A.N. Viet, X.L. Xing,
W.W. Ayass, J. Mi~nambres, R.J. Liu, G.J. Zhang, B. Keita, V. Mereacre,
A.K. Powell, K. Balinski, A.T. N'Diaye, K. Kuepper, H.Y. Chen,
U. Stimming, U. Kortz, Inorg. Chem. 55 (2016) 2755.
[12] S.X. Guo, S.F. Zhao, A.M. Bond, J. Zhang, Langmuir 28 (2012) 5275.
[13] T.Nakagawa,N.S.Bjorge,R.W.Murray, J.Am.Chem.Soc. 131 (2009)15578.
[14] J.J. Zhang (Ed.), PEM Fuel Cell Electrocatalysts and Catalyst Layers:
Fundamentals and Applications, Springer, 2008.
[15] T. Nakagawa, C.A. Beasley, R.W. Murray, J. Phys. Chem. C 113 (2009)
12958.
